Fiber-optic, polarized elastic-scattering spectroscopy techniques are implemented and demonstrated as a method for determining both scatterer size and concentration in highly scattering media. Measurements of polystyrene spheres are presented to validate the technique. Measurements of biological cells provide an estimate of the average effective scatterer radius of 0.5-1.0 m. This average effective scatterer size is significantly smaller than the nucleus. In addition, to facilitate use of polarization techniques on biological cells, polarized angular dependent scattering from cell suspensions was measured. The light scattering from cells has properties similar to those of small spheres.
Introduction
The end goal of the research described in this paper is the development of noninvasive methods to quantitatively measure structural and morphological parameters of epithelial tissue layers. Such a technique could have great utility in the noninvasive diagnosis of cancerous and precancerous lesions. Polarized light-scattering measurements have recently been proposed as a method for measuring structural parameters of tissue. [1] [2] [3] The underlying principle of much of the published research is that the difference in light backscattered by use of parallel and crossed polarizers provides information on the superficial layers of the tissue. Jacques et al. have obtained images of skin lesions and determined that polarization images interrogate the top few 100 m of skin, because lower layers depolarize the light. 1 The sensitivity of the wavelength dependence of polarized light scattering to epithelial cell morphology has also been demonstrated. Backman et al. 2 and Sokolov et al. 3 both used Mie theory to analyze wavelengthdependent polarized light scattering using similar methods. Polarized light was incident on the sample, and reflected light intensities with polarizations perpendicular and parallel to that of the incident light were measured. Sokolov et al. demonstrated that the wavelength-dependent results were consistent with the scattering expected from epithelial cells. Backman et al. used an inversion technique with several fit parameters to extract the size distribution of the cell nuclei. Both groups of researchers assumed that the nuclei were of a homogeneous internal structure and spherical in shape despite the fact that cells in anaplastic neoplasms have irregularly shaped nuclei, and chromatin that is coarsely clumped along the nuclear membrane. 4 Although the possibility that nuclei act like homogeneous scatterers cannot be conclusively ruled out at this time, there is evidence that most of the scattering from cells is due to smaller structures within the nucleus and the cytoplasm. 5, 6 Our approach to polarized light-scattering measurements is different from the approaches described above. We performed measurements using a fiberoptic probe in contact with the sample. Linearly polarized light is incident on the sample. At small distances from the delivery fiber, light intensities emitted with both perpendicular and parallel polarizations are measured. In this paper we demonstrate that measurements at a single wavelength provide information about average effective scatterer size and concentration. If measurements are made at different wavelengths for which light absorption in tissue is different, the depth of light penetration will vary. Therefore wavelengths at which there is strong absorption can be used to interrogate near the surface, and wavelengths at which there is little or no absorption can be used to probe deeper into the tissue.
Methods

A. Wavelength-Dependent, Polarized Elastic-Scattering Measurements
The methods used in this paper are an extension of our earlier research demonstrating a method of performing polarized elastic-scattering measurements. 7 Hard black nylon was machined to hold five 200-mdiameter optical fibers as shown in Fig. 1 . The center fiber delivers light to the tissue or tissue phantom. The center-to-center separation between the delivery and the collection fibers is 550 m. Small pieces of polarizer ͑Tech Spec linear polarizing film, Edmund Scientific͒ with a thickness of 0.7 mm were glued into a cap that was placed over the surface of the fibers. The cap and probe were machined with a notch and pin such that the orientation of the cap with regard to the fibers was fixed. Optical couplant ͑Dow Corning, Midland, Mich.͒ was used to ensure good optical coupling between the fibers and the polarizers. Fibers 1 and 4 collect light that is polarized in the same direction as the incident light, and fibers 2 and 3 collect cross-polarized light. The probe was designed to minimize collection of light specularly reflected from the interface of the medium and the polarizer by use of optical fibers with numerical apertures of 0.22. We found that specular reflection varied between the collection fiber and in the worst case was less than 4% of our signal. One possible cause of specular reflection is the fact that the polarizers were not optically flat. A measurement of water in a flat-black container was performed and subtracted from the measurements of polystyrene spheres to correct for this specular reflection.
Measurements were made over the spectral range of 500 -1000 nm. The light source was a tungsten lamp ͑Gilway technical lamp L1041͒. Dispersion of the collected light was performed by a spectrograph ͑275I, Acton Research Corp.͒; a two-dimensional CCD array ͑Princeton Instruments͒ simultaneously measured light intensity at a resolution of Ͻ1 nm from the four collection fibers. We corrected for the wavelength dependence of all parts of the optical system except the polarizer by measuring the signal reflected from a material that reflects all wavelengths in our measurement range equally ͑Spectralon, Labsphere͒. The measurement was made with the probe a short distance from the Spectralon and without the polarizer on the probe. The wavelength dependence of the polarizer transmission divides out in our analysis procedure.
B. Tissue Phantoms
Several mixtures of polystyrene spheres were prepared. Each mixture contained several sphere sizes to roughly mimic the inhomogeneous distribution of scatterer sizes found in biological materials. We aimed to create phantoms for which the oscillation of scattering properties with wavelength was minimal. Wavelength-dependent measurements of scattering properties have demonstrated that scattering properties of cells and tissue change gradually with wavelength without the large oscillations seen for single-size polystyrene spheres. 8, 9 Each mixture consisted of four sizes of polystyrene spheres. The average sizes were chosen to approximate the scatterer sizes in tissue. 6 The diameters of the spheres and their relative concentrations are given in Table 1 . Each suspension was prepared in three different concentrations. Once the size and refractive index of the scatterers and the refractive index of the medium are fixed, the reduced scattering coefficient is directly proportional to concentration and can be calculated with Mie theory. 10 The concentration of spheres was varied so that the reduced scattering coefficient s Ј ranged from 10.7 to 21.5 cm Ϫ1 at 633 nm, which covers most of the range of scattering found in tissue.
C. Cell Culture
As an in vitro tumorigenesis model, we used two matched pairs of cells ͑M1͞MR1 and Rat1͞Rat1-T1͒ derived from a common rat embryo fibroblast cell line as described previously. 6 M1 cells are an immortalized but nontumorigenic derivative of rat embryo fibroblast cells obtained through stable transfection with the c-myc oncogene. MR1 cells are a tumorigenic derivative of M1 cells obtained by stable transfection with a mutant h-ras oncogene. Rat1 cells are a spontaneously immortalized version of rat embryo fibroblast cells that are also not tumorigenic. Tumorigenic Rat1-T1 cells are derived from Rat1 cells by stable transfection with the same mutant h-ras oncogene. All cells were maintained in a monolayer culture by use of Dulbeco's modified minimal essential medium ͑Gibco͒ supplemented with 5% fetal bovine serum ͑Hyclone͒, ␣-D-glucose ͑16.5 mM͒, penicillin, and streptomycin, hereafter referred to as complete medium. Further details of monolayer cell cultures have been provided previously. 7, 8 Cells were harvested by exposure to 0.25% trypsin with 25-mM ethylenediamine tetra-acetic acid for 10 min at room temperature followed by the addition of a volume of ice-cold complete medium equal to the volume of the trypsin solution.
D. Angular Dependent Scattering Measurements of Cells
MR1 rat fibroblast cells were grown, harvested, centrifuged ͑1000ϫ gravity, 10 min͒ and then suspended in saline at a concentration of 2 ϫ 10 5 cells͞ml. To ensure monodispersity of the cells, the cells were passed through an 18-gauge needle just prior to measurement. The angular dependence of scattering from the cells at 633 nm was measured on a goniometer system 11 to which linear polarizers were added in the illumination and light detection paths. . Measurements with the fiber-optic probe described in Section 2.A were made in a flat-black container to eliminate reflections from the measurement container.
F. Initial Analysis of Polarized Elastic Scatter Data
We analyzed the data by taking ratios of light collected by different fibers. Let I n ͑͒ be the amount of light collected by fiber n. The ratios I 1 ͑͒͞I 3 ͑͒ and I 1 ͑͒͞I 4 ͑͒ were calculated. The polarizers used in this research do not polarize light at wavelengths longer than 900 nm. Therefore, by forcing these ratios to have a value of 1 between 965 and 1000 nm, we can take into account the different collection efficiencies of the fibers.
G. Monte Carlo Simulations
The Monte Carlo code that we used contains several aspects of previously published Monte Carlo research. [12] [13] [14] In addition, we implemented methods originally presented by Rackovich et al. 15 and Cameron et al. 16, 17 and modified by Bartel and Hielscher 12 for tracking polarization with additional procedures to take into account the angle and exit of light delivery. Details of the Monte Carlo simulation are provided in Appendix A. The simulations mimic the geometry of measurements with our fiberoptic probe. Photons pass through a polarizer oriented in the x direction ͑see Fig. 9͒ before entering the medium. The amount of light collected by nearby collection fibers with linear polarizers on them is then determined. The positions of the scattering events for individual photon trajectories resulting in photon collection can be tabulated, and statistics on the depth of photon interactions and the path lengths traveled between the source and the detector are calculated.
Results
A. Biological Cells Do Not Strongly Depolarize Linearly Polarized Light
Light scattering from spheres does not depolarize the light polarized perpendicular or parallel to the scattering plane. 18 In other words, light that is polarized perpendicular to the scattering plane is still polarized perpendicular to the scattering plane after scattering, and light that is polarized parallel to the scattering plane is polarized parallel to the scattering plane after scattering. Ellipsoids and other nonspherical particles, in contrast, can depolarize light. The scatterers in cells are not expected to be perfectly spherical. Therefore we examined scattering of polarized light from cells. Figure 2 demonstrates that nearly all light polarized perpendicular or parallel to the scattering plane that is incident on the MR1 cells retains its polarization after being scattered. Scattering of light at angles near 90°and in a plane such that the incident light is parallel to the scattering plane is a rare event and is the case only when the cross-polarized component is a significant contributor to the scattered light. 
B. Measuring Scatterer Size and Concentration
The ratio I 1 ͞I 4 has been discussed in detail in an earlier publication 7 and is known to be sensitive to particle size. I 1 ͑͒ is expected to be much greater than I 4 ͑͒ for particles with diameters that are significantly less than the wavelength of light, whereas for particles larger than the wavelength of light more similar light intensities will be collected by the two fibers through the polarizer. The sensitivity to scatterer size can be explained from the basic physics of light scattering. 19, 20 There is a difference in scattering probabilities for intermediate angles ͑e.g., 90°͒ depending on whether scattering takes place in a plane perpendicular to the polarization vector-as is common for a photon traveling from the delivery fiber to fiber 1-or in planes parallel to the polarization vector-as is common for a photon traveling from the delivery fiber to fiber 4. When the scattering particles are small, 90°scattering events are less likely when the light is polarized parallel to the scattering plane, and consequently less light is collected by fiber 4 than by fiber 1. For larger particles, the difference in scattering of the two light polarizations is reduced. Therefore the ratio I 1 ͑͒͞I 4 ͑͒ is sensitive to particle size. In addition, as can be seen in Fig. 4 , we found that this ratio is sensitive to scatterer concentration. A second parameter is needed to separate scatterer size from scatterer concentration. The ratio of light collected by fibers 1 and 3, I 1 ͑͒͞I 3 ͑͒, should be sensitive to concentration because it is a measure of light depolarization. When the medium is denser, there will be more depolarization and the ratio should be closer to one. Polarized light scattering was measured from five different polystyrene sphere mixtures, each at three different concentrations. The ratio of light intensities collected by fibers 1 and 4 and the ratio of the light intensities collected by fibers 1 and 3 were calculated and normalized as discussed in Section 2. Results at 575 nm are presented in Fig. 3 . I 1 ͞I 4 is clearly larger for smaller particles. The ratio I 1 ͞I 3 is also clearly closer to one for higher concentration ͑higher s Ј͒ suspensions, but is also influenced by scatterer size. The scatter diameter in the range ϳ0.1-1.0 m and the scatterer concentrations corresponding to reduced scattering coefficients of ϳ5-25 cm Ϫ1 can be determined for an unknown sample from grids such as the one in Fig. 3 .
C. Monte Carlo Results: Effects of Refractive Index, Size Distribution, and the Depth Probed Our first goal was to verify that our Monte Carlo code reproduced our experimental results. Therefore we ran the Monte Carlo code and determined the ratios I 1 ͞I 3 and I 1 ͞I 4 for nine of the tissue phantoms that we examined experimentally. The results are shown in Fig. 4 . The general features of the experimental results are reproduced quite well. There are, however, a few minor differences. The values of I 1 ͞I 3 are ϳ14% lower for the Monte Carlo results than for the theoretical results. A possible cause for this discrepancy is that we did not account for specular reflection at either the probe-phantom interface or at the airphantom interface when photons from the medium were incident on these interfaces.
Our next goal was to determine how the index of refraction of the scatterers affects the intensity ratios. In our experimental system we were restricted to using scatterers of index 1.59, but in the simulations we can use scatterers of any index. We ran simulations using the same mixtures of particle sizes 
Ϫ1
. The average of five measurements each with an integration time of ϳ500 ms is represented by the symbols. The curves connect the symbols to guide the eye.
as in Table 1 , but assuming that they had an index of 1.4. Our results are shown in Fig. 5 . Both the ratios I 1 ͞I 4 and I 1 ͞I 3 increased slightly compared with the results for scatterers with a refractive index of 1.59.
A further goal of the Monte Carlo simulations was to determine how the width of the distribution of scatterer sizes affects the measured ratio. Both Gaussian and log-normal distributions of scatter sizes were used and s Ј was kept at 11.58 cm Ϫ1 at 633 nm. The form of the scatterer size distribution for tissue is not known, although a modified log-normal distribution of spherical scatterers has been shown to reproduce the scattering properties of tissue. 21 The form of the log-normal distribution is given in Eq. ͑1͒:
Here x m is the mean of the distribution and w determines the width. For both types of distribution we looked at two widths of distributions with mean radii of 0.2 and 0.5 m. The average sizes are within the probable range for tissue. 6, 21 The two widths were chosen so as to provide a significant change in the width. We expect that the wider distribution more closely approximates the width of the scatterer size distribution in tissue. Figures 6͑a͒ and 6͑b͒ show distributions with mean radii of 0.2 and 0.5 m, respectively. The polarization ratios obtained for the two Gaussian distributions with average radii of 0.2 m were the same to within errors Ͻ0.12. The same result held for the Gaussian distributions with average radii of 0.5 m. In contrast, for log-normal distributions the polarization ratios depend on the width of the distribution. When the distribution was widened, both I 1 ͞I 3 and I 1 ͞I 4 decreased ͑Table 2͒. Our final aim of running simulations was to determine the depth of tissue that is probed. The Monte Carlo simulation stores the depth at which all scattering events of the collected photons occurred. This distribution of the depth of scattering events is shown in Fig. 7 for fiber 1. The scatter sizes and relative concentrations were the same as for mix 1, and the concentrations were such that s Ј ϭ 15 cm Ϫ1 at 633 nm. Without absorption, the depth probed can be quite deep; the median of the distribution, i.e., the depth above which half of the scattering events occur, is 436 m. When absorption of 2.0 cm Ϫ1 is added, the median is reduced to 324 m. For tissue, there will be significant absorption in some parts of the visible region. The concentration of hemoglobin is expected to be in the range 15-70 M, 22 which yields absorption coefficients of 0.75-2.5 cm Ϫ1 at the peak of the Q bands. ͑The Q bands are the absorptions in the green-a single peak for deoxyhemoglobin and two peaks for oxyhemoglobin.͒ When the separation between the source fibers is reduced from the 550-m value in our probe, the depth probed is reduced. The medians of the distributions of the depth of scattering events for source-detector separations of 550 and 220 m are plotted in Fig. 8 for fibers 1, 3 , and 4. Fibers 3 and 4 probe deeper than fiber 1, a fact that will affect measurements of layered media. When absorption is added, the depths probed by the different fibers are much shallower and begin to converge. For an absorption of 2 cm Ϫ1 and a source-detector separation of 220 m, more than half of the scattering events occur at depths of less than 300 m.
D. Scatterer Size in Biological Cells
Polarized elastic scatter measurements of M1, MR1, Rat1, and Rat1-T1 cells were performed. The cell concentration ranged from 6 to 8 ϫ 10 8 cells͞cm 3 , a value that is close to that in epithelial tissues. The average ratio of I 1 ͞I 3 was determined to be 3.40 Ϯ 0.83, and the average ratio of I 1 ͞I 4 was found to be 1.79 Ϯ 0.18. To estimate the effective size of the scattering centers from these numbers, an estimate of the refractive indices of the scatterers is needed. Values of 1.39 and 1.42 are typically used for the refractive indices of the nucleus 23 and mitochondria. 24 We assumed that the scatterers have an index of 1.4 and are immersed in a medium of index 1.33. The experimental data can then be compared with Fig. 5 . The value of the reduced scattering coefficient is estimated to be ϳ4 cm
Ϫ1
. The average effective scatterer radius appears to be slightly larger than 0.5 m when we simply compare the data with Figure 5 . However, from the results of Table 2 it is known that a distribution with a long tail of large scatterers significantly decreases I 1 ͞I 4 . Consequently, the results of measurements of cell pellets could be consistent with a distribution of scatterers of mean radius of 0.5 m and a small number of large scatterers. Future research will focus on determining information about the distribution of scatterer sizes and on reducing the error in measuring I 1 ͞I 3 .
Discussion
Throughout this paper we have discussed quantifying the size of spherical scatterers in tissue. Is it appropriate to think of scatterers in tissue as spherical particles? What does effective average scatterer size mean and is it a useful parameter? The answer to the first question is that the scatterers in cells do not strongly depolarize light. Consequently, the scatterers must either be small or not deviate strongly from sphericity. Furthermore, Schmitt and Kumar have demonstrated that a discrete, spherical particle model can reproduce observed scattering properties of tissue. 21 The answer to the second question is that the average effective scatterer size is the value of the average size that the spherical scatterers must have in our model of tissue so as to reproduce the experimental light-scattering results. In other words, if our model assumes a Gaussian distribution of noninteracting spherical scatterers, the effective average scatterer size is the average size of the spherical scatterers needed to reproduce the experimental results. We believe that defining average effective scatterer size and density is a useful framework to characterize tissue and compare different sites. The average effective scatterer size may not correspond perfectly with the actual physical size of the index of refraction variations in tissue, although as models of tissue improve the correspondence will increase.
In previous research we reported that the average . The symbols are the results of the simulations and the curves guide the eye. We calculated the error bars assuming that the error in the number of photons collected is the square root of the number of collected photons.
radius of scattering particles in cells was of the order of 0.2 m. 11 The method used to obtain that estimate was known to slightly underestimate the size of the scattering centers for cases in which a distribution of scatterers is present. In this paper we found that the average radius of the scattering centers was 0.5-1 m. These numbers are still significantly smaller than the radii of the nuclei in these cells, which are ϳ4.5 m in radius. 8 Consequently, measurement of nuclear size is expected to be difficult, especially in backscattering geometries in which the contribution of small particles to the light-scattering signal is enhanced. It is interesting to note that Backman et al. 2 used a backscatterering geometry in their research in which they report measuring changes in nuclear size. Possibly their measurements reflect changes in intranuclear morphology and structure that are known to change with malignant progression. 4 Also, experiments such as those of Sokolov et al. 3 sometimes assume that single-scattering events preserve polarization; however, polarization is preserved only in some geometries. Scattering of light polarized parallel or perpendicular to the scattering plane by spheres preserves the polarization. However, polarization is not always preserved in a single-scattering event. Consider the case of incident polarization at 45°to the scattering plane and a 90°scattering angle. If the scattering particle is small, the scattered polarization will be nearly perpendicular to the scattering plane. This effect is reduced as the scattering angle is either decreased or increased. Therefore, when imaging experiments are performed, such as those by Backman et al. and Sokolov et al., the orientation of the incident polarization vector relative to the light delivery and detection positions and angles must be chosen with care to maximize preservation of polarization by the top layer.
We have used the reduced scattering coefficient s Ј as a parameter to quantify scatterer density. Is it appropriate to measure s Ј at the small fiber separations we are employing? At small sourcedetector separations, the unpolarized elastic scatter signal depends on scattering parameters additional to s Ј. The intensity of elastic-scattered light can vary greatly for different suspensions with the same s Ј when the source-detector separations are only a few hundred micrometers. 25 There are two reasons why we believe that s Ј can be measured in our experimental configuration. When scatterer index, medium index, and scatterer size are known, changes in s Ј are directly proportional to changes in scatterer concentration. Therefore when scatterer size and refractive indices are known, changes in the elastic-scatterer signal can be attributed to changes in concentration. Because we measured scatterer size at the same time that s Ј was measured, under conditions that are relatively insensitive to small changes in refractive index, our measurements of s Ј were appropriate even at small fiber separations.
Conclusions
The major conclusions of this study are as follows:
1. The scatterers in biological cells do not strongly depolarize light.
2. The average radius ͑0.5-1.0 m͒ of scattering particles in the fibroblast cells we measured are much smaller than the size of the nucleus, but is comparable to the size of subcellular organelles and structures within the nucleus.
3. A fiber-optic probe that measures the scattering of polarized light can be used to determine scatterer size and concentration by use of a single wavelength and an additional small spectral range used for calibration of the relative collection efficiencies of the collection fibers. The width of the distribution of scatterers may cause a small inaccuracy in the estimate of the average effective scatterer size. Significant broadening ͑i.e., a factor of 2͒ of a lognormal distribution causes an increase ͑less than a factor of 2͒ in the estimation of scatterer size.
4. The depth into a turbid media that is probed can be altered by a change in the absorption properties. In tissue, hemoglobin provides a wavelengthdependent absorption. One can vary the depth above which half of all scattering events ͑of photons later collected͒ occur can be varied from 230 to 435 m by changing the fiber separation and taking advantage of hemoglobin absorption. Figure 9 shows the coordinate system used for the Monte Carlo simulations.
Photon Entry
We define the following:
i , a random number between 0 and 1; sin D , sin of the largest angle at which light can exit the fiber when it is immersed in air ͑equivalent to the numerical aperture͒; E , maximum angle at which the photon can enter the medium from the fiber, referenced to the z axis;
1 , angle at which the photon enters the medium, referenced to the z axis; 1 , azimuthal angle for photon entry; ϭ 0 along the x axis; n m , real refractive index of the medium that the scatterers are immersed in; u x , u y , u z , the projection of the photon's direction of travel onto the x, y, and z axes, respectively; p relx , p rely , p relz , components of a vector that, along with the photons direction of travel, define the coordinate system in which the Stokes vector is defined; S 0 , S 1 , S 2 , S 3 , components of the Stokes vector. The initial direction of photon travel depends on the numerical aperture of the light delivery fiber. The sine of the entry angle with respect to the fiber axis can range from 0 to the numerical aperture of the fiber ͑i.e., sin D ͒ corrected for refraction. The azimuthal entry angle ranges from 0 to 2. The initial direction of photon travel is calculated by the following equations:
Polarization information is contained in the Stokes vector that is defined relative to p rel : 
Photon Step Length and Photon Absorption
We define the following: s, photon step length ͑units cm͒; s , scattering coefficient ͑units cm Ϫ1 ͒; P A , probability of absorption during a photon step of length s.
The photon step length is calculated in the conventional manner as
We handled absorption by calculating a probability of absorption based on the step size and the absorption coefficient and then checking if this probability is larger than a random number.
If ͑ 4 Ͻ P A ͒, then the photon is annihilated.
Sampling P͑, ͒ to Determine the Scattering Angles
, scattering angle, i.e., if û be and û af are unit vectors describing the direction of travel before and after scattering, û be ⅐ û af ϭ cos ;
, azimuthal scattering angle and is 0 along the a axis of the scattering frame ͑see below͒; m ij ͑͒, components of the 4 ϫ 4 Mueller matrix i ϭ  1, 2, 3, 4, j ϭ 1, 2, 3, 4 .
Calculations of the scattering angles are performed in a scattering reference frame defined by perpendicular unit vectors, â , b , and ĉ.
We chose and by sampling P͑, ͒ using the rejection method, where P͑, ͒ ϭ m 11 ͑͒ ϩ m 12 ͓͑͒S 1 cos͑2͒ ϩ S 2 sin͑2͔͒.
Determining Photon Propagation Direction and the New Stokes Vector After a Scattering Event
We define the following: u xp , u yp , u zp , components of a unit vector for the direction of travel of a photon in the fixed Monte Carlo coordinate system after the scattering event;
u a , u b , u c , components of a unit vector describing the direction of travel of a photon in the scattering frame after the scattering event;
S 0s , S 1s , S 2s , S 3s , components of the initial Stokes vector in the scattering plane; S 0sn , S 1sn , S 2sn , S 3sn , components of the Stokes vector in the scattering plane after scattering.
We rotate the Stokes vector into the scattering plane. ͑The scattering plane is rotated by relative to the a axis of the scattering frame.͒ S 0s ϭ S 0 ,
The scattering angles and were defined in the scattering reference frame. In this reference frame the components of the vector describing the direction of photon travel after scattering are 
Tracking the Photons
A user-defined grid is set up. For every photon, the position of each scattering event is recorded to within the resolution of the grid. This information is stored and tabulated for the collected photons. In addition, the scattering angles and are tabulated for each scattering event. This information is also stored and tabulated for the collected photons.
Photons Exiting the Scattering Medium
If a photon is under one of the collection fibers, we determine if its direction of travel with respect to the fiber is within the numerical aperture of the fiber.
If Ϫu z Ն cos͑ A ͒, then the photon will be counted; otherwise it is not counted and the propagation of a new photon is begun.
If the photon is to be counted, we rotate the Stokes vector about an angle so that it is defined relative to the direction of propagation and a new p rel vector, p reln , having only x and z components. ͑The idea here is to rotate p rel into the x, z plane.͒ P relnx ϭ u z ͞sqrt͑u x *u x ϩ u z *u z ͒, P relnz ϭ Ϫu x ͞sqrt͑u x *u x ϩ u z *u z ͒.
The cosine of the rotation angle is given by the dot product of p rel and p reln . cos͑͒ ϭ p relnx *p relx ϩ p relnz *p relz .
The sine of the rotation angle can also be calculated. b is the cross product of p rel and u. The amount of light emitted that is polarized perpendicular to the x axis and the amount of light emitted that is parallel to the x axis are I ʈ ϭ ͉S 0 ϩ S 1 ͉,
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